The regulation of Agrobacterium tumefaciens heat shock genes involves a transcriptional activator (RpoH) and repressor elements (HrcA-CIRCE). Using proteome analysis and mutants in these control elements, we show that the heat shock induction of 32 (out of 56) heat shock proteins is independent of RpoH and HrcA. These results indicate the existence of additional regulatory factors in the A. tumefaciens heat shock response.
The regulation of Agrobacterium tumefaciens heat shock genes involves a transcriptional activator (RpoH) and repressor elements (HrcA-CIRCE). Using proteome analysis and mutants in these control elements, we show that the heat shock induction of 32 (out of 56) heat shock proteins is independent of RpoH and HrcA. These results indicate the existence of additional regulatory factors in the A. tumefaciens heat shock response.
The heat shock response is characterized by the induction of several proteins, some of which are highly conserved. In Escherichia coli the heat shock regulon is controlled by alternative sigma factors, mainly 32 (encoded by rpoH), which regulates transcription of all major cytoplasmic heat shock proteins (6, 35) and has been identified in more than 20 species of gramnegative eubacteria (1, 11, 12, 16, 17, 19, 20, 26) . The heat shock proteins of the gram-positive Bacillus subtilis are divided into at least three regulatory classes (7) . The chaperones encoded by the orf39-grpE-dnaK-dnaJ operon and by the groESL operon are transcribed by the vegetative sigma factor even during heat shock (4) and regulated by the HrcA repressor, which binds to CIRCE (controlling inverted repeat of chaperone expression) (9, (13) (14) (15) 37) . A second class of heat shock proteins is regulated by B (7) (8) (9) , and the others are HrcA and B independent (7, 9) . In Agrobacterium tumefaciens and other ␣-proteobacteria, two heat shock control elements were identified, the RpoH homologue and the CIRCE-HrcA regulatory system (16, 24, 29, 30, 32) . In contrast to the gram-positive bacteria the CIRCE-HrcA system is found only in the groESL operon and heat shock transcription of the major chaperone genes is controlled by RpoH (16, 18, (27) (28) (29) (30) (31) (32) . To further study the complex heat shock response in A. tumefaciens, we used two-dimensional (2-D) gel electrophoresis. We found 56 heat shock proteins, 5 of which are newly identified heat shock proteins. The heat shock proteins can be divided into at least three regulatory groups. The first group is RpoH dependent (24 proteins); among these, GroEL and GroES may be considered as a separate group since they are also repressed by HrcA in non-heat shock conditions. The expression of genes of the third group (32 proteins) is regulated independently of the known control elements ( 32 and HrcA) and indicates the existence of additional regulatory factors or controls.
Effects of RpoH on the heat shock response. Proteome analysis of A. tumefaciens indicated the heat shock induction of 56 proteins (25) . It should be noted that several groups of proteins were not studied in our experiments, i.e., membrane proteins and proteins with very high or very low pI values. We examined the involvement of RpoH in a wild-type strain and an ⌬rpoH mutant (16) ( Table 1) . Using 2-D gel analysis (3, 25) , we found that, in all strains, the majority of the non-heat shock proteins were strongly down-regulated during heat shock ( Fig.  1 and 2) , as represented by the periplasmic binding protein (Fig. 3a) . Out of the 56 proteins induced by heat shock in wild-type A. tumefaciens (Fig. 1 , top and middle), 32 were induced in the ⌬rpoH mutant (Fig. 1, bottom) , indicating the existence of one or more heat shock control elements yet to be discovered.
Effects of HrcA on the heat shock response. HrcA is a repressor of groESL transcription in non-heat shock conditions (16, 29) . To search for other proteins similarly regulated, we separated proteins from hrcA mutants on 2-D gels. As expected, a significant overexpression of GroEL and GroES was found in the mutants under non-heat shock conditions, but no additional proteins repressed by HrcA were found. Only 52 proteins were induced upon heat shock in the hrcA mutant, 50 of them also induced in the wild type and 2 not induced by heat shock in the wild type (NWH). These differences in heat shock induction cannot be explained by the known role of HrcA and probably reflect a secondary effect of the high levels of GroEL and GroES in the mutants. The high level of chaperones can shift the balance between refolding and degradation of defective proteins at the early stages of the heat shock response and can also affect specific regulatory proteins. One such protein is the vegetative sigma factor 70 , whose concentration in E. coli is influenced by the level of chaperones (33, 35, 36) .
Heat shock response in an rpoH hrcA double mutant. Exposure of the rpoH hrcA double mutant to a temperature of 42°C resulted in induction of 40 proteins (Fig. 2 , lower panel), 37 of them heat shock proteins detected in the wild type and 3 (NWH) induced only in hrcA mutants. A comparison between the double mutant and the wild type indicates a pleiotropic effect that was not predicted from the examination of each mutant by itself. During exponential growth the only difference is a significant overexpression of GroEL and GroES in the double mutant (Fig. 1 , top, and 2, top). However, during heat shock there are several proteins that are induced in the double mutant but not in single mutants. This result may be explained by the combination of two major imbalances in the double mutant: an imbalance in protein folding and degradation due to excess of the chaperones GroEL and GroES and reduced competition between the vegetative and other sigma factors due to the lack of 32 . Regulation patterns of heat shock proteins. Several regulation patterns were found.
(i) Typical 32 -dependent expression: DnaK (Fig. 3b) . Heat shock induction is almost abolished in rpoH mutants. The results are compatible with those of transcription analysis (16) indicating that DnaK expression is regulated exclusively at the transcription level by 32 . Expression of these proteins during exponential growth in the rpoH mutant and the double mutant is lower than that in the wild type, suggesting that even at 25°C the promoter is recognized by more than one sigma factor.
(ii) Regulation by Hrca and 32 : GroESL ( Fig. 3c and d) . The operon is induced by 32 under heat shock conditions and repressed by HrcA under non-heat shock conditions. Here also, the results are compatible with previous analysis of transcripts, and apparently more than one sigma factor is involved in transcription. The quantitative differences between the GroES and GroEL proteins probably result from the different transcript stabilities of these two genes (28) .
(iii) Heat shock induction independent of 32 and HrcA: PstB (Fig. 3e) . The pattern of induction independent of 32 and HrcA is exemplified by protein H35, the high-affinity phosphate transport protein, newly identified as a heat shock protein in this work. This protein is involved in the phosphate flux into cells, which affects the survival of Lactococcus lactis during heat shock and the quality of the heat shock response (5) .
PstB represents a group of 20 proteins that have low expression at 25°C and are induced at 42°C even in ⌬rpoH and hrcA mutants. The heat shock level in the ⌬rpoH mutant was higher than that in the wild type, probably due to the lack of competition for RNA polymerase core enzyme by 32 , enabling better recruitment of the RNA polymerase by the sigma factor required for the transcription of the genes in this group.
H26-G, a general stress protein. Among the proteins whose expression is RpoH and HrcA independent (Fig. 3f) , we identified a general stress protein (H26-G) which is a low-specificity L-threonine aldolase catalyzing the interconversion of serine and glycine, both of which are major sources of one-carbon units necessary for the synthesis of key compounds such as purine, thymidylate, and methionine (21) . This protein is also induced upon exposure to 2 mM H 2 O 2 , by a shift from pH 7.2 to 5.5, and by heat shock (25) .
Identification of heat shock proteins. Sixteen heat shock proteins were identified by trypsin digestion and matrix-assisted laser desorption ionization-time of flight measurements of the peptide spectra (Table 2 , which also summarizes the regulation of the identified proteins). Among the identified proteins there are two forms of periplasmic mannitol binding protein, SmoM (H44 and H45) . Interestingly, the heat shock induction of H44 is 32 independent and the induction of H45 is 32 dependent. Moreover, there is an additional SmoM protein that is not induced by heat shock.
The present study deals with expression of heat shock proteins, as seen on 2-D gels. We studied the heat shock proteomes of wild-type A. tumefaciens and strains carrying deletions in the genes encoding the known regulators of the heat shock response of this bacterium (i.e., RpoH and HrcA [16] ). Less than half of the heat shock proteins are under the control of RpoH, and only one operon is under the control of HrcA, implying the existence of at least one unknown additional control element. The fraction of RpoH-independent heat shock proteins (32 out of 56) is much larger than expected, since in E. coli 38 heat shock proteins, out of 48, are regulated by heat shock-specific sigma factors (34) . In E. coli an additional heat shock sigma factor, called E (encoded by rpoE), regulates the induction of periplasmic heat shock proteins (6, 22, 23, 36) . A putative homologue of rpoE is present in the recently published genomes of some ␣-proteobacteria (A. tumefaciens, Sinorhizobium meliloti, and Mesorhizobium loti). Therefore, it is conceivable that some of the 32 RpoH-independent heat shock proteins in A. tumefaciens are transcribed by the E homologue. Sequence analysis of the genes coding for the RpoH-independent proteins did not identify a common promoter sequence or a specific E promoter, and this issue will be clarified when E mutants are available. Yet, the number of RpoH-independent heat shock genes is substantial, suggesting the existence of an additional alternative sigma factor or a transcriptional regulator that functions together with the vegetative transcription factor 70 . The results presented here illustrate the complexity of the regulation of the heat shock response in A. tumefaciens. It should be noted that we studied only one level of gene expression, the proteome, from which it is not possible to determine whether the regulation is at the level of transcription, posttranscription, or protein turnover. Indeed, one posttranscriptional control system was already identified in the heat shock response of A. tumefaciens (28) . In addition to evidence for the existence of new control regulators, we also identified several heat shock genes that were not previously shown to be induced by shifts to higher temperature. The new heat shock proteins identified in the present study include SmoM (periplasmic mannitol binding protein), ketol acid reductoisomerase, PstB, a hypothetical transcriptional regulator with a molecular mass of 18.7 kDa, and ribosomal protein L7/L12, previously regarded as a cold shock protein. An additional new heat shock protein is the low-specificity L-threonine aldolase, which appears to be induced by other types of stress also (oxidative (25) . The silver-stained gels were scanned and computer stained in green (first channel). The gels were then dried and subjected to autoradiography. The autoradiograms obtained were computer stained in red (second channel). The two color channels were superimposed to give the dual-channel image: proteins that remained the same during heat shock show as yellow, proteins that were up-regulated during heat shock appear red, and these down-regulated during heat shock are green (2). All picture manipulations were performed using Adobe Photoshop. Spots numbered with H (H1, H2, etc.) are heat shock-specific proteins. These include the red spots in the middle panel that are missing in the top panel and spots that changed their color from yellow to red (e.g., H1 and H2). Spots designated H x-A are heat shock proteins also induced by mild acid stress, and spots designated H x-O are heat shock proteins also induced by H 2 O 2 oxidative stress. H26-G is a protein induced by all three types of stress (25) . FIG. 2 . Dual-channel images of proteins in an ⌬rpoH ⌬hrcA double mutant. Proteins were extracted from cultures of the A. tumefaciens ⌬rpoH ⌬hrcA strain growing exponentially (top gel) or heat shocked (bottom gel) as described in the Fig. 1 legend. NWH represents proteins that are induced during heat shock only in the mutant and not in the wild type. stress and mild acidic stress). This is the only protein induced by all three types of stress (25) and could constitute part of a general stress response.
A. tumefaciens belongs to the ␣-proteobacteria, a group that includes many types of bacteria whose physiology involves close bacterium-host relationships. These relationships involve symbiosis (as in the case of nitrogen-fixing Rhizobiaceae family members) or pathogenicity for plants (A. tumefaciens) or humans (Brucellaceae family members). Analysis of the control of the stress response in A. tumefaciens will further our understanding of the physiology of members of this group and their interaction with the environment. Furthermore, A. tumefaciens is closely related to some human pathogens which are difficult to cultivate (Brucellaceae and Rickettsia) and for which molecular experiments are difficult to implement. Therefore, this experimental system offers possibilities for performing genetic FIG. 3 . Expression patterns of proteins. Levels of several proteins were monitored in the wild type, ⌬rpoH and ⌬hrcA mutants, and the ⌬r poH ⌬hrcA double mutant during exponential growth (Ϫ) and under heat shock conditions (ϩ). The expression is presented as spot percentage volume, as calculated with ImageMaster 2D Elite from a virtual gel, averaging several gels. As a typical non-heat shock protein, we chose the periplasmic binding protein (a); the typical RpoH-dependent heat shock protein is DnaK (H1) (b); the RpoH-and HrcA-dependent proteins are GroEL (H2) (c) and GroES (H51) (d), respectively; the typical RpoH-independent protein is PstB (H35) (e); and the general stress protein is H26-G (f). WT, wild type.
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NOTES J. BACTERIOL. and physiological manipulations that will help us to understand the molecular biology of these pathogens.
